We have studied on optical second harmonic generations (SHGs) from atomically thin MoTe 2 flakes with 2H and 1T′ phases. From 2H-MoTe 2 samples with odd (even) numbers of layers, strong (negligible) SHGs are observed due to the layer-dependent broken inversion symmetry. When pumped by a telecom-band laser, SHG from a monolayer 2H-MoTe 2 is about one order of magnitude stronger than that from a monolayer WS 2 ; an extremely high second-order nonlinear susceptibility of 2.5 nm/V is estimated, presenting the highest value among those reported in two-dimensional materials. SHG measurements in MoTe 2 are also demonstrated as an efficient way to distinguish the 2H-to-1T′ phase transition. Comparing to the SHG in 2H-MoTe 2 , 1T′-MoTe 2 's SHG has much lower efficiency and the polarization dependence is changed from six-fold to two-lobe pattern.
Introduction
Two-dimensional (2D) transition metal dichalcogenides (TMDs) with few atom-layers exhibit fascinating layer-number dependent electronic and optical properties. [1, 2] For instance, some TMDs present indirect to direct bandgap transition when they are thinned down to monolayer, opening up a new window for 2D material-based photonics and optoelectronics in the spectral rang from near-infrared to visible. [3] [4] [5] The low dimensionality of 2D TMDs gives rise to reduced dielectric screening of Coulomb interactions between charge carriers, enabling strong light-matter interactions, ultrafast radiative recombination rate, and exotic excitonic effect. [6] [7] [8] [9] In addition, the electronic band structures of 2D TMDs could be described by two copies of degenerated conduction and valence bands around the K and K′ points, which produces valley-and spin-dependent optical and electrical properties. [10] [11] [12] [13] A variety of interesting optoelectronic devices have been developed based on 2D TMD semiconductors, including photodetectors with low dark current and high detectivity, and light emitting diodes with high external quantum efficiency. [14] [15] [16] [17] [18] [19] [20] [21] Nonlinear optical responses in 2D TMDs is another intriguing attribute for potentially extending their optoelectronic applications. Specifically, because of the broken inversion symmetry in few-layer MX 2 (M=Mo, W; X=S, Se) flakes with odd layer thicknesses, considerable second harmonic generations (SHGs) are observed, though their bulk materials were well recognized without second-order nonlinearity. [22] [23] [24] [25] [26] It is also possible to design spiral nanostructures during the material growth, which not only maintains the broken symmetry in each monolayer but also increases the effective material thickness to greatly strengthen SHGs in 2D TMDs. [27] When the two-photon energy of the pump laser is onresonance with the exciton of monolayer WSe 2 , a high second-order nonlinear susceptibility of 1,000 pm/V is estimated, which is about three orders of magnitude higher than those in conventional bulk materials. [28] Combining with the electrical tunability and valley selectivity of the strong excitons in monolayer MX 2 , this exciton-enhanced SHG could be modulated by 3 an order of magnitude with an application of a vertical electrical field, which is also verified to have counter-circular polarization to the pump laser. [29] The extraordinary and tunable SHGs in 2D TMDs provide new possibilities to construct nonlinear optoelectronic devices, including nonlinear electro-optic modulators, coherent light source generators, etc.
Most of the SHG studies of 2D TMDs were implemented on mono-and few-layer MoS 2 ,
MoSe 2 , and their tungsten analogs. In this paper, we report the measurements of SHGs in mono-and few-layer MoTe 2 , which has recently arisen as an appealing 2D TMD semiconductor for photonic and electronic devices. In contrast to the MoS 2 and MoSe 2 , the indirect-to-direct bandgap crossover in atomically thin MoTe 2 occurs before reaching monolayer thickness. [30] And the photoluminescence emission and excitonic absorption are located in the near-infrared range around 1.1 eV, bridging the comparatively large bandgap of other monolayer TMDs and zero-bandgap graphene. Another important property of MoTe 2 is its large exciton-binding energy around 0.6 eV, [31] providing a unique opportunity for achieving the first 2D material-based nanolaser at room temperature. [32] The spin-orbit coupling in MoTe 2 is much stronger than that in MoS 2 or MoSe 2 , which could contribute to a longer decoherence time for exciton valley and spin indexes and new valleytronic devices. [33] Those intriguing attributes are revealed in the semiconducting hexagonal (2H)-MoTe 2 . Note that stable MoTe 2 could also exist in a semimetal monoclinic (1T′) phase, which endows more opportunities for electronic and optoelectronic applications. 2H-to-1T′ phase changes in MoTe 2 could be experimentally realized through laser irradiation, electrostatic gating, and thermal synthesis, and the distinctly modulated optical and electrical properties were also demonstrated for functional devices. [34] [35] [36] Here, we study on SHGs from few-layer MoTe 2 with different phases. We observe strong
SHGs from 2H-MoTe 2 with odd numbers of layers, which is consistent with the broken inversion symmetry of the crystal structure. When pumped by a telecom-band pulsed laser, polarization dependences are exploited to identify the phase transition.
Materials and methods
The atomically thin 2H-MoTe 2 crystals are prepared by mechanically exfoliating a synthetic semiconducting bulk material (supplier: HQ Graphene) onto silicon substrates covered with 280 nm thick silicon dioxide (SiO 2 /Si). The few-layer MoTe 2 flakes are identified using an optical microscope. As shown in Figure 1 
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Layer-dependent SHGs in few-layer MoTe 2
We first measure SHGs from the prepared sample shown in Figure 1 (a) with an averaged pump power lower than 1 mW to avoid the laser-induced phase transition. [34] A considerable SH signal around the wavelength of 775 nm is observed when the pump laser is focused on the monolayer area. By changing the pump power gradually, the SHG's power dependence is characterized, showing an expected quadratic function governed by the process that two photons of the pump laser are converted into one photon in SH signal. However, no any SH signal is detected in the bilayer MoTe 2 even when the pump power is increased to 10 mW, which is the maximum power without any observations of phase transitions. When the laser is focused on the trilayer region, a SH signal stronger than that from monolayer is obtained. A more straightforward result indicating SH signals of different layers is shown in Figure 1 (c), which is a SHG spatial mapping over the region shown in Figure 1 which is much larger than the optical bandgap of few-layer MoTe 2 . We neglect the optical interference effect between the material interfaces considering the ultrathin film for the layer number smaller than ten. As reported in Ref. [30] , MoTe 2 has direct bandgap for the monoand bi-layers, and transits to the indirect bandgap for the tri-and tetra-layers. Hence, the optical absorption of SH signal in monolayer would be stronger than that in trilayer, [37] 7 resulting in higher collection efficiency of SHG in trilayer MoTe 2 . After the layer number increases to be more than five, the indirect bandgap weakens the light absorption, which therefore induces a much stronger SHG in the five-layer flake. For even thicker flakes, while the optical absorption in each layer is still weak for the indirect bandgap, the total attenuation over the SH signal is strong caused by the more layer numbers. The SH intensities decrease for the flakes with layer numbers more than five. 
Polarization-dependent SHGs in monolayer MoTe 2
The polarization dependences of SHGs from the few-layer MoTe 2 are studied further, which could indicate the crystalline symmetry and sample orientation. 
xyx , where x, y, and z are the crystalline coordinates. Here, x axis is defined along the armchair direction of the hexagonal plane, which is 30° from the zigzag direction. In our experiments, the incident beam is excited along the z direction. We define an angle  between the x direction and the polarization of the fundamental pump laser. It is straightforward to obtain that the parallel and perpendicular components of the SH field are proportional to sin3 and cos3 respectively.
The angle dependences of SH intensity can be described as Here, I 0 is the maximum intensity of the SH response. We fit the SHG's polarizationdependent data with the above functions, which agree well with the expectations. To estimate the absolute value of χ (2) in monolayer MoTe 2 , we compare its SH intensity to that from the surface of a z-cut bulk crystal of lithium niobate (LN), which can be expressed as: [38] 
where ∆h ∼ 0.8 nm is the thickness of the monolayer MoTe 2 determined by AFM. χ (2) LN is LN's second-order nonlinear susceptibility, and n LN () and n LN (2) denote the linear refractive indices of LN at the fundamental and SH frequencies, respectively. ∆k LN is the frequencydependent phase mismatch in LN between the fundamental laser and SH signal. By counting ∆k LN and χ
MoTe2 is estimated as 2.5 nm/V. To the best of our knowledge, this is the highest value among those reported in other 2D TMDs when pumped by a telecom-band laser. To verify this high χ (2) , we also measure SHG from a chemical vapor deposition (CVD) grown monolayer WS 2 and make a comparison with that from monolayer MoTe 2 . In the measurement, the two samples are excited with the same pump laser at the wavelength around 1550 nm, and the laser polarizations are optimized to achieve their maximum SH intensities.
With the same pump power, SH spectra from the two samples are acquired, as shown in Figure 3 (c). Here, the SH spectra have no Gaussian profile since the non-Gaussian spectral lineshape of the fiber-based picosecond laser. We observe that the SH signal from the monolayer MoTe 2 is almost one order of magnitude stronger than that from the monolayer WS 2 . As have been widely reported, monolayer WS 2 is one of 2D materials possessing strongest second-order nonlinear process, which thence confirms the high χ (2) in monolayer MoTe 2 . Because both the fundamental wave and SH signal are off-resonance from monolayer MoTe 2 's excitons, [39] the obtained high  (2) is not governed by the specific exciton resonance.
Considering the stronger second-order nonlinearity in compounds of telluride than that in compounds of sulfide, [40, 41] we expect the high  (2) in monolayer MoTe 2 is its intrinsic material behavior, which promises the construction of nonlinear optoelectronic devices.
Identifying MoTe 2 's phase transition by SHGs
In the recently reported 2H-to-1T′ phase changes in MoTe 2 , [34] [35] [36] , featuring a signature of 1T′-MoTe 2 . [34] In the interfacing region, both 2H and 1T′ phases coexist. Similar SHG measurements on other several laser-irradiated 2H-MoTe 2 fewlayers are implemented, presenting similar weakened intensity and varied polarizationdependence as well. These measurements indicate the polarization-dependent SHG could be considered as a straightforward optical method for determining phase transition in 2D materials.
Conclusions
In conclusion, we report the observations of strong (negligible) SHGs in atomically thin 
